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The Science of sPhenix: In this talk focus on light flavor Jets

2

What did we learned from RHIC and LHC?

Do we have a (qualitative) consistent picture?

What (new) measurements can we perform
utilizing the “strength” of RHIC/sPhenix?
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RHIC and LHC “Jet Landscape”

The QGP at the LHC

• fireball hotter (~20%) and denser 
(~x2) and longer lifetime wrt RHIC

• bulk dynamics, vn(pT), similar at 
RHIC and LHC, mainly driven by 
initial state “geometry”

Anti-kT R=0.4

Huge increase in yield of 
hard probes/jet production!
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Mainly gluon jets (pT<200 GeV) at the LHC. 
Quark jets at RHIC pT>40 GeV.
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Naive: What is jet quenching?

4

Jet quenching = Gluon radiation:
Multiple final-state gluon radiation off the  
produced hard parton induced by the traversed 
dense colored medium ~ “Gluon Bremsstrahlung”

Medium

E
Hard

Production

ω=xE

ω=(1-x)E

λ
↔

↑q
T
~μ

➞ Modification of the Jet Structure/Fragmentation Function
= fractional jet momentum carried by the individual jet particles/constituents

Jet in vacuum
EVacuum

Jet quenching/
gluon radiation
in QGP depends on:
path-length, density,  
parton energy, virtuality  
(resolution scale) and  
quark vs gluon
(gluons loose 9/4 times more energy)

Jet in medium
EMedium=EVacuum

Suppression of
high-pT particles

Enhancement of
low-pT particles

Jet broadening 
Jet Jet Jet



Jet Measurements at the LHC
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Jet RAA/RCP at the LHC
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No significant pT and R dependence of RCP for pT>100 GeV
RCPJet~ RAA ~ 0.5 (>50 GeV)
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Figure 5: R

CP

values as a function of jet p
T

for R = 0.2 (left) and R = 0.4 (right) anti-kt jets in four bins of collision centrality.
The error bars indicate statistical errors from the unfolding, the shaded boxes indicate unfolding regularization systematic errors
that are partially correlated between points. The solid lines indicate systematic errors that are fully correlated between all
points. The horizontal width of the systematic error band is chosen for presentation purposes only. Dotted lines indicate
R

CP

= 0.5, and the dashed lines on the top panels indicate R

CP

= 1.
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3.1 Dijet properties in pp and PbPb data 13
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

 imbalance by asymmetry ratio:

Di-jet Asymmetry/Imbalance AJ

7
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Di-jet Asymmetry/Imbalance AJ
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S. CHATRCHYAN et al. PHYSICAL REVIEW C 84, 024906 (2011)
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FIG. 9. (Color online) Fraction of events with !φ12 > 3.026 as a
function of Npart, among events with pT,1 > 120 GeV/c and pT,2 >

50 GeV/c. The result for reconstructed PYTHIA dijet events (blue
filled star) is plotted at Npart = 2. The other points (from left to right)
correspond to centrality bins of 50%–100%, 30%–50%, 20%–30%,
10%–20%, and 0%–10%. The red squares are for reconstruction of
PYTHIA + DATA events and the filled circles are for the PbPb data,
with statistical (vertical bars) and systematic (brackets) uncertainties.

PbPb results at
√

s
NN

= 2.76 TeV, this discrepancy seen in
the higher-energy pp comparison is included in the systematic
uncertainty estimation. It is important to note that the PYTHIA
simulations include events with more than two jets, which
provide the main contribution to events with large momentum
imbalance or !φ12 far from π .

Figures 8(b)–8(f) show the dijet !φ12 distributions for PbPb
data in five centrality bins, compared to PYTHIA + DATA simula-
tions. The distributions for the four more peripheral bins are in
good agreement with the PYTHIA + DATA reference, especially
for !φ12 ! 2. The three centrality bins spanning 0%–30%
show an excess of events with azimuthally misaligned dijets
(!φ12 " 2), compared with more peripheral events. A similar
trend is seen for the PYTHIA + DATA simulations, although
the fraction of events with azimuthally misaligned dijets is
smaller in the simulation. The centrality dependence of the
azimuthal correlation in PYTHIA + DATA can be understood
as the result of the increasing fake-jet rate and the drop in jet
reconstruction efficiency near the 50 GeV/c threshold from
95% for peripheral events to 88% for the most central events.
In PbPb data, this effect is magnified since low-pT away-side
jets can undergo a sufficiently large energy loss to fall below
the 50 GeV/c selection criteria.

Furthermore, a reduction of the fraction of back-to-back
jets above !φ12 ! 3 is observed for the most central bin.
This modification of the !φ12 distribution as a function of
centrality can be quantified using the fraction RB of dijets
with !φ12 > 3.026, as plotted in Fig. 9, for pT,1 > 120 GeV/c
and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds
to the median of the !φ12 distribution for PYTHIA (without
embedding). The results for both the PbPb data and PYTHIA +
DATA dijets are shown as a function of the reaction centrality,
given by the number of participating nucleons Npart, as
described in Sec. II C. This observable is not sensitive to
the shape of the tail at !φ12 < 2 seen in Fig. 8, but can be
used to measure small changes in the back-to-back correlation
between dijets. A decrease in the fraction of back-to-back jets
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FIG. 10. (Color online) Dijet asymmetry ratio AJ for leading jets of pT,1 > 120 GeV/c, subleading jets of pT,2 >50 GeV/c, and !φ12 >

2π/3 for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b) 50%–100%, (c) 30%–50%, (d) 20%–30%,
(e) 10%–20%, and (f) 0%–10%. Data are shown as black points, while the histograms show (a) PYTHIA events and (b)–(f) PYTHIA events
embedded into PbPb data. The error bars show the statistical uncertainties.

024906-10

CMS, PRC 84, 024906 (2011)

Significant di-jet momentum imbalance AJ observed in central Pb+Pb
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Coincidence Measurements: γ-Jet
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10 3 Results

not constitute the full picture. There are genuine photon+jet events which do not contribute to
the hxJgi distribution because the associated jet falls below the pJet

T > 30 GeV/c threshold. To
quantify this effect, Fig. 4(b) shows RJg, the fraction of isolated photons that have an associated
jet passing the analysis selection. The value of RJg is found to decrease, from RJg = 0.685 ±
0.008(stat.)–0.698± 0.006(stat.) for the PYTHIA + HYDJET reference, as well as pp and peripheral
PbPb data, to the significantly lower RJg = 0.49 ± 0.03(stat.) ± 0.02(syst.)–0.54 ± 0.05(stat.) ±
0.02(syst.) for the three PbPb bins above 50% centrality.

An analysis with a lower pT cutoff on the associated jet energy would result in values of RJg

closer to unity. This would shift the cutoff at low xJg in Fig. 3 closer to zero. It is likely, although
not certain, that these additional events would result in a larger deviation in xJg between the
PbPb data and the reference shown in Fig. 4(a).

3.4 Systematic uncertainties

Photon purity, reconstruction efficiency, and isolation, as well as the contamination from e± and
fake jets contribute to the systematic uncertainties of the photon+jet azimuthal correlation and
the observables related to momentum asymmetry, hxJgi and RJg. Additionally, the momentum
asymmetry observables are also influenced by the relative photon and jet energy calibrations.
For the measurement of s(Df), the uncertainty due to the photon angular resolution is negli-
gible, less than 10�5.
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Figure 4: (a) Average ratio of jet transverse momentum to photon transverse momentum,
hxJgi, as a function of Npart. The empty box at the far right indicates the correlated systematic
uncertainty. (b) Average fraction of isolated photons with an associated jet above 30 GeV/c,
RJg, as a function of Npart. In both panels, the yellow boxes indicate point-to-point systematic
uncertainties and the error bars denote the statistical uncertainty.

The uncertainty in the relative photon+jet energy scale consists of four main contributions. The
first one comes from the 2% relative uncertainty of the jet energy scale in the barrel for 30 <
pJet

T < 200 GeV/c, when compared with the ECAL energy scale [30]. The second contribution
is the residual data-to-MC energy scale difference in pp collisions, which is not corrected for in
this analysis, for which we quote the 2% maximum relative uncertainty which applies in the
range |hJet| < 1.6. Thirdly, the additional uncertainty for the jet energy scale in the presence
of the UE is determined to be 3% for the 30 to 100% and 4% for the 0 to 30% centrality range,

Gunther Roland Wayne State August 2012

Angular decorrelation?

51

pTγ>60 GeV
pTJet>30 GeV

Large quenching effects
seen in direct photon
measurements
(Consistent with jets measurements? 
Quark vs. gluon energy loss?) 

No angular de-correlation
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Jet Softening in Pb-Pb Collisions!?

9

(Small) Enhancement at low z 
(Moderate) Suppression at intermediate z 
No suppression at high z!!!

z = phadron

T

pJet

T
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Jet Softening in Pb-Pb Collisions!?
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(Small) Enhancement at low z 
(Moderate) Suppression at intermediate z 
No suppression at high z!!!
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Where does the lost energy go at the LHC? Missing pT||
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The momentum difference in the di-jet is balanced by low pT 
particles at large angles relative to the away side jet axis!

Text

Christof Roland 20 Quark Matter 2011, Annecy

  
    

  

 

Missing-pT
||

arXiv:1102.1957 [nucl-ex]

0-30% Central PbPb

in-cone

out-of-cone

balanced jets unbalanced jets

   

In-Cone
!R<0.8

Out-of-Cone
!R<0.8



Jet Measurements at RHIC
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Jets @ RHIC: γdirect/jet-hadron correlations

12
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Enhancement at low z 
Suppression at high z 
Broadening at low z
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Jets @ RHIC: γdirect/jet-hadron correlations
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If jets in Au+Au and p+p have identical fragmentation
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= 0 for all passoc
T

. Deviations from
D

AA

= 0 are indicative of jet modification.
In order to make meaningful quantitative comparisons

between jets in Au+Au and p+p, it is necessary to com-
pare jets with similar energies in the two collision sys-
tems. While the reconstructed jet p

T

is not directly
related to the original parton energy (especially in this
analysis because pjet,rec

T

is calculated only from tracks and
towers with p

T

> 2 GeV/c), jets in Au+Au with a given
pjet,rec,Au+Au

T

are matched to similar p+p jets using the
following procedure: The e↵ect of the background associ-
ated with heavy-ion collisions on the trigger jet energy is
assessed through embedding p+p HT events in Au+Au
minimum bias (MB) events (with the same centrality and
high-multiplicity bias as the Au+Au HT events). Under
the assumption that Au+Au HT trigger jets are simi-
lar to p+p HT trigger jets in a Au+Au collision back-
ground, the correspondence between the p+p jet energy
(pjet,rec,p+p
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) and the Au+Au jet energy (pjet,rec,p+p emb
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to the pjet,rec,Au+Au

T

spectrum measured in Au+Au HT

events. For a given range in pjet,rec,p+p
T

the correspond-

ing pjet,rec,Au+Au

T

distribution is obtained. When compar-
ing Au+Au jets to equivalent p+p jets in this analysis,
the Au+Au signal is weighted according to this distribu-
tion. This procedure largely accounts for the e↵ects of
background fluctuations in Au+Au events; the possibil-
ity of additional discrepancies between the reconstructed
jet energies in Au+Au and p+p will be included within
systematic uncertainties described below.

The performance of the TPC and BEMC can vary in
di↵erent collision systems and over time. These varia-
tions are accounted for in the relative tracking e�ciency
between Au+Au and p+p (90%±7% for p

T

> 2 GeV/c),
the relative tower e�ciency (98%± 2%), and the relative
tower energy scale (100%± 2%). These variations in de-
tector performance were included, and their systematic
uncertainties were assessed, in the p+p HT ⌦ Au+Au
MB embedding. The e↵ects of the relative tracking e�-
ciency uncertainty and the tower energy scale uncertainty
on the pjet,rec

T

spectrum are shown in Fig. 1(b). The
embedding also accounted for jet v

2

and its associated
uncertainty (discussed later) by weighting the distribu-
tion of the p+p HT jets with respect to the event planes
of the Au+Au MB events; di↵erent hadronic correction
schemes were also investigated. The e↵ects of the tower
e�ciency and jet v

2

on the jet energy scale are found to
be negligible, as is the e↵ect of the hadronic correction
scheme on the final results.

In order to analyze the jet correlation signal in Au+Au
collisions it is necessary to subtract the large combina-
toric background in heavy-ion collisions. The background
levels are estimated by fitting the functional form in (1)

Energy difference: AuAu-pp

Quenched energy at high pT balanced by low pT enhancement 
↔ Suppression of high-z (enhancement of low-z) particles observed!

Jet Broadening at low pT (large uncertainties due to potential jet v2/v3)

Consistent picture between γdirect/jet-hadron correlations @ RHIC!

 Phys.Rev.Lett. 112 (2014) 12, 122301

Caveat: Jet-Hadron correlations probe jet structure only statistically!
              → Use fully reconstructed di-jets, direct comparison to LHC!
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FIG. 3. (Color online.) The (a) Gaussian widths of the away-
side jet peaks (�

AS

) in Au+Au (solid symbols) and p+p (open
symbols) and (b) awayside momentum di↵erence D

AA

are
shown for two ranges of pjet,rec

T

: 10 � 15 GeV/c (red circles)
and 20�40 GeV/c (black squares). Results for 15�20 GeV/c
(not shown) are similar. The boundaries of the passoc

T

bins are
shown along the upper axes. YaJEM-DE model calculations
(solid and dashed lines) are from [42].

are the same in p+p and Au+Au on average, indicating
that jets containing high-p

T

fragments are not largely
deflected by the presence of the medium. The widths
at low passoc

T

are indicative of broadening. However, as
the low-passoc

T

widths are anticorrelated with the mag-
nitude of vassoc

3

vjet
3

, measurements of vjetn are necessary
before quantitative conclusions are drawn. The awayside
D

AA

, shown in Fig. 3(b), exhibits suppression of high-
passoc
T

hadrons and enhancement of low-passoc
T

jet frag-
ments in Au+Au, indicating that jets in Au+Au are sig-
nificantly softer than those in p+p collisions. The amount
of high-passoc

T

suppression, quantified by summing D
AA

only over bins with passoc
T

> 2 GeV/c, ranges from �2.5
to �5 GeV/c as jet p

T

increases. Summing D
AA

over all
passoc
T

bins to obtain the ⌃D
AA

values, shown in Table I,
indicates that the high-passoc

T

suppression is balanced in
large part by the low-passoc

T

enhancement.

Theoretical calculations from YaJEM-DE [47], a
Monte Carlo model of in-medium shower evolution, are
also shown for �

AS

andD
AA

in Fig. 3 [42]. This model in-
corporates radiative and elastic energy loss, and describes

many high-p
T

observables from RHIC. After the intrinsic
transverse momentum imbalance, k

T

, of the initial hard
scattering was tuned to provide the best fit to the p+p
yields (YAS,p+p), this model largely reproduces several
of the quantitative and qualitative features observed in
data. At high passoc

T

the Au+Au and p+p widths match
and the jet yields are suppressed, while the missing en-
ergy appears as an enhancement and broadening of the
soft jet fragments.

To conclude, jet-hadron correlations are used to in-
vestigate the properties of the Quark-Gluon Plasma cre-
ated in heavy-ion collisions by studying jet quenching
e↵ects. The trigger/nearside jet sample is highly biased
towards jets that have not interacted with the medium,
which may enhance the e↵ects of jet-quenching on the
recoil/awayside jet. While the widths of the awayside
jet peaks are suggestive of medium-induced broadening,
they are highly dependent on the shape of the subtracted
background. It is observed that the suppression of the
high-p

T

associated particle yield is in large part balanced
by low-passoc

T

enhancement. The experimentally-observed
redistribution of energy from high-p

T

fragments to low-
p
T

fragments that remain correlated with the jet axis is
consistent with radiative/collisional energy loss models
for parton interactions within the Quark-Gluon Plasma.
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pjet,rec
T

⌃D
AA

Detector v
2

and v
3

Jet Energy Scale
(GeV/c) (GeV/c) Uncert. Uncert. Uncert.
10� 15 �0.6± 0.2 +0.2

�0.2
+3.7
�0.5

+2.3
�0.0

15� 20 �1.8± 0.3 +0.3
�0.3

+1.0
�0.0

+1.9
�0.0

20� 40 �1.0± 0.8 +0.1
�0.8

+1.2
�0.1

+0.3
�0.0

TABLE I. Awayside ⌃D
AA

values with statistical and sys-
tematic uncertainties due to detector e↵ects, the shape of the
combinatoric background, and the trigger jet energy scale.
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FIG. 3: (Color online) The top panel shows the IAA for the
full away-side (|∆φ−π| < π/2) (circles) and for two restricted
away-side integration ranges, |∆φ − π| < π/3 (squares) and
|∆φ− π| < π/6 (triangles). The points are shifted for clarity.
The bottom panel shows the ratio of the IAA for |∆φ − π| <
π/2 to |∆φ− π| < π/6.

ment, we can look at the ratio of IAA’s with different
integration ranges, where some of the statistical and sys-
tematic uncertainties common to all IAA cancel. The
bottom panel of Fig. 3 shows the ratio of the full away-
side integration range to the |∆φ− π| < π/6 case. From
this ratio it is clear that there is a significant variation
in observed IAA as a function of the integration range.
The average ratio for ξ > 0.8 is 1.9±0.3(stat)±0.3(syst),
indicating that the enhancement in IAA seen at large ξ
is predominately at large angles (|∆φ − π| > π/6).

In summary, we have presented evidence for medium
modification of jet fragmentation, measured via compar-
ison of direct photon-hadron correlations in

√
s
NN

= 200
GeV Au+Au and p+p collisions. The ratio of Au+Au to
p+p yields indicates that particles are depleted at low ξ or
high momentum fraction, zT , due to energy loss of quarks
traversing the medium. The ratio exhibits an increasing
trend toward high ξ, exceeding one at ξ ≥ 1.0. Restrict-
ing the away-side azimuthal integration range reduces the
enhancement at high ξ significantly. This suggests that
the medium enhances production of soft particles in par-
ton fragmentation, relative to p+p, preferentially at large
angles.
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Indication of energy flow differences at RHIC vs LHC
RHIC (STAR) LHC (ALICE, ATLAS, CMS)

Jets balanced when  
including pT > 0.2GeV

Energy balance found 
outside of jet cone

Strong radius 
dependence of jet RAA

Weak radius 
dependence of jet RAA

Vacuum Jet

Gunther Roland QCD Town MeetingJets at RHIC and LHC 7

We can observe medium modifications of jet 
momentum and angular structure

Broadening/excess 
at large r, low pT 
!
(~2% of jet energy)

Narrowing/depletion 
at intermediate r, pT

Little change at 
small r, high pT

Radius r

Jet shapes Fragmentation functions RAA radius dependence

ΔRecoil radius dependence

Do we have a consistent picture?

Hot QCD Matter White Paper, arXiv:1502.02730
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→ less diffusion in the medium → closer to jet axis 

6

In order to clarify the situation, in Fig. 5 the depen-
dence of the energy deposition on the initial parton en-
ergy E0 is shown. This mainly affects how soon finite
energy correction become relevant. The dependence of
the total mean energy deposition on initial parton energy

can be well fit by ∆E ∼ E0

1GeV

0.37
. This suggests that at

good part of the normalization difference between Figs.2
and 4 is due to the difference in E0, which is confirmed
by an explicit calculation.

V. EVENT-BY-EVENT FLUCTUATIONS

A. Fluctuation sources

There are multiple sources for event-by-event fluctu-
ations around the mean energy deposition of a shower
given an in-medium path. They can broadly be grouped
into the following categories:

• fluctuations of the energy deposition of single par-
tons along their path

• fluctuations of Npart(z) in the shower evolution

• fluctuations in the background medium density,
translating into fluctuations of the transport coef-
ficients

The approximate scaling of medium effects with ∆Q2
tot

identified in [20] and explicit calculations in [43] suggest
that fluctuations in the medium density are a subleading
effect. On the other hand, the relative strength of the
Crescendo effect observed in Figs. 2,3 and 4 above the
baseline calculations that contains already fluctuations
in the energy deposition of single partons suggests that
particle numbers are large and the dominant effect are
fluctuations in Npart(z) which are captured by YaJEM.

B. Results

In Fig. 6, the mean energy deposition of a 120 GeV
gluon is shown along with the energy deposition in 10
individual events. The fluctuations are fairly strong, up
to a factor three different from the average, and thre rel-
ative strength of fluctuations persists during the whole
evolution. Upward spikes in the energy deposition can
clearly be seen and identified as the emission of a daugh-
ther parton to the point that it is resolved by the medium
where the length in x of the upward spike correlates with
the energy of the daughter parton and the (fluctuating) ê
governing its energy loss — as soon as a daughter parton
energy is depleted, the total energy deposition decreases
again.
The strong fluctuations seen in this result argue that

in order to have a realistic picture of energy deposition
into the medium, the average energy deposition is not
sufficient and EbyE fluctuations need to be taken into
account.

0 1 2 3 4 5 6
x [fm]

0.01

0.1

1

10

dE
/d

x 
[G

eV
/fm

]

ΔQ2 = 8.0 GeV2, ΔE ~ 7.6 GeV

120 GeV gluon jet
L = 5.8 fm, hydrodynamical medium, YaJEM-DE

FIG. 6: (Color online) Energy deposition of a parton shower
initiated by an 120 GeV gluon placed into the center of an
evolving medium, shown both as mean value and for 10 in-
dividual shower events. The relative strength of q̂ and ê is
determined by data.

VI. SCALE SEPARATION AND ENERGY
BALANCE

Let us now return to the effect of q̂ on the energy bal-
ance. In YaJEM, a shower gains the energy for transverse
broadening largely from the medium. The microscopical
interpretation of this is that medium partons are being
’swept away’ by the shower and hence become correlated
by the jet, thus if their energy is formally counted as part
of the jet, the in-medium jet energy keeps growing [20].
As mentioned before, this is not a reasonable physical

interpretation, because there is no physical distinction
between soft medium and soft jet gluons, and hence soft
gluons can not be counted as part of a perturbative jet
inside a medium. For a proper interpretation, we need
to introduce a separation scale between hard perturba-
tive and soft fluid-like physics below which partons are
counted as part of the medium. Note that there’s an im-
plicit assumption involved that the medium is strongly
interacting and manifestly not perturbative below the
separation scale — with just a separation scale selected,
even a vacuum shower would lead to a positive energy de-
position for the simple reason that some radiated gluons
would fall below the separation scale, however no such
reasoning is justified since the emission of soft gluons
appears to remain sufficiently perturbative in vacuum.
The assumption is hence that soft gluons would not only
fall below the separation scale but also be subject to the
physics conditions below the scale, i.e. they would be
isotropized just as the rest of the bulk medium.
A priori the choice of the separation scale is not

unique. We might think for instance of a fixed momen-
tum scale or a multiple of the system temperature T .

→ Radiative energy loss (pQCD) picture  
    can qualitatively explain the differences RHIC/LHC 

A. Majumder and JP
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FIG. 3. (Color online.) The Gaussian widths of the awayside
jet peaks (�

AS

) in Au+Au (solid symbols) and p+p (open
symbols) are shown for two ranges of pjet,rec

T

: 10� 15 GeV/c
(red circles) and 20� 40 GeV/c (black squares). The results
for 15�20 GeV/c (not shown) are similar. The boundaries of
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bins are shown along the upper axis. YaJEM-DE
model calculations (solid and dashed lines) are from [35].
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If jets in Au+Au and p+p have identical fragmentation
patterns, then D

AA

= 0 for all passoc
T

. Deviations from
D

AA

= 0 are indicative of jet modification.
In order to make meaningful quantitative comparisons

between jets in Au+Au and p+p, it is necessary to com-
pare jets with similar energies in the two collision sys-
tems. While the reconstructed jet p

T

is not directly
related to the original parton energy (especially in this
analysis because pjet,rec

T

is calculated only from tracks and
towers with p

T

> 2 GeV/c), jets in Au+Au with a given
pjet,rec,Au+Au

T

are matched to similar p+p jets using the
following procedure: The e↵ect of the background associ-
ated with heavy-ion collisions on the trigger jet energy is
assessed through embedding p+p HT events in Au+Au
minimum bias (MB) events (with the same centrality and
high-multiplicity bias as the Au+Au HT events). Under
the assumption that Au+Au HT trigger jets are simi-
lar to p+p HT trigger jets in a Au+Au collision back-
ground, the correspondence between the p+p jet energy
(pjet,rec,p+p

T

) and the Au+Au jet energy (pjet,rec,p+p emb

T

'
pjet,rec,Au+Au

T

) can be determined through this embed-

ding. Figure 1 compares the pjet,rec,p+p emb

T
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to the pjet,rec,Au+Au

T

spectrum measured in Au+Au HT

events. For a given range in pjet,rec,p+p
T

the correspond-

ing pjet,rec,Au+Au

T

distribution is obtained. When compar-
ing Au+Au jets to equivalent p+p jets in this analysis,
the Au+Au signal is weighted according to this distribu-
tion. This procedure largely accounts for the e↵ects of
background fluctuations in Au+Au events; the possibil-
ity of additional discrepancies between the reconstructed
jet energies in Au+Au and p+p will be included within
systematic uncertainties described below.

The performance of the TPC and BEMC can vary in
di↵erent collision systems and over time. These varia-
tions are accounted for in the relative tracking e�ciency
between Au+Au and p+p (90%±7% for p

T

> 2 GeV/c),
the relative tower e�ciency (98%± 2%), and the relative
tower energy scale (100%± 2%). These variations in de-
tector performance were included, and their systematic
uncertainties were assessed, in the p+p HT ⌦ Au+Au
MB embedding. The e↵ects of the relative tracking e�-
ciency uncertainty and the tower energy scale uncertainty
on the pjet,rec

T

spectrum are shown in Fig. 1(b). The
embedding also accounted for jet v

2

and its associated
uncertainty (discussed later) by weighting the distribu-
tion of the p+p HT jets with respect to the event planes
of the Au+Au MB events; di↵erent hadronic correction
schemes were also investigated. The e↵ects of the tower
e�ciency and jet v

2

on the jet energy scale are found to
be negligible, as is the e↵ect of the hadronic correction
scheme on the final results.

In order to analyze the jet correlation signal in Au+Au
collisions it is necessary to subtract the large combina-
toric background in heavy-ion collisions. The background
levels are estimated by fitting the functional form in (1)

Energy difference: AuAu-pp

Gunther Roland Wayne State August 2012

Fragmentation function comparison

44

Note: Only one set of syst. uncertainties shown: Good agreement
Depletion from 3-4GeV to 40-50GeV (2-3% of total jet energy)
Enhancement below 3-4GeV (~ 2% of jet energy)

T. Renk, Phys.Rev. C87 (2013) 2, 024905 

Back-of-the-envelope estimate of the scale (T. Renk) given by the typical accumulated 
medium momentum probed during subsequent interactions:  Pmed = L/λ⟨P⟩

Typical length L = 5 fm;  mean-free path λ = 1 fm and typical momentum scale in the medium 
⟨P ⟩ = 3T (with the medium temperature T = 200 MeV) → Pmed ≈ 2-3 GeV for RHIC
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circles) and 20 � 40 GeV/c (black squares). The results for
15 � 20 GeV/c (not shown) are similar. The boundaries of
the passoc

T

bins are shown along the upper axis. YaJEM-DE
model calculations (solid lines) are from [35].

to the pjet,rec,Au+Au

T

spectrum measured in Au+Au HT

events. For a given range in pjet,rec,p+p
T

the correspond-

ing pjet,rec,Au+Au

T

distribution is obtained. When compar-
ing Au+Au jets to equivalent p+p jets in this analysis,
the Au+Au signal is weighted according to this distribu-
tion. This procedure largely accounts for the e↵ects of
background fluctuations in Au+Au events; the possibil-
ity of additional discrepancies between the reconstructed
jet energies in Au+Au and p+p will be included within
systematic uncertainties described below.

The performance of the TPC and BEMC can vary in
di↵erent collision systems and over time. These varia-
tions are accounted for in the relative tracking e�ciency
between Au+Au and p+p (90%±7% for p

T

> 2 GeV/c),
the relative tower e�ciency (98%± 2%), and the relative
tower energy scale (100%± 2%). These variations in de-
tector performance were included, and their systematic
uncertainties were assessed, in the p+p HT ⌦ Au+Au
MB embedding. The e↵ects of the relative tracking e�-
ciency uncertainty and the tower energy scale uncertainty
on the pjet,rec

T

spectrum are shown in Fig. 1(b). The
embedding also accounted for jet v

2

and its associated
uncertainty (discussed later) by weighting the distribu-
tion of the p+p HT jets with respect to the event planes
of the Au+Au MB events; di↵erent hadronic correction
schemes were also investigated. The e↵ects of the tower
e�ciency and jet v

2

on the jet energy scale are found to
be negligible, as is the e↵ect of the hadronic correction
scheme on the final results.

In order to analyze the jet correlation signal in Au+Au
collisions it is necessary to subtract the large combina-
toric background in heavy-ion collisions. The background
levels are estimated by fitting the functional form in (1)

Energy difference: AuAu-pp

Gunther Roland Wayne State August 2012

Fragmentation function comparison

44

Note: Only one set of syst. uncertainties shown: Good agreement
Depletion from 3-4GeV to 40-50GeV (2-3% of total jet energy)
Enhancement below 3-4GeV (~ 2% of jet energy)

T. Renk, Phys.Rev. C87 (2013) 2, 024905 

Back-of-the-envelope estimate of the scale (T. Renk) given by the typical accumulated 
medium momentum probed during subsequent interactions:  Pmed = L/λ⟨P⟩

Typical length L = 5 fm;  mean-free path λ = 1 fm and typical momentum scale in the medium 
⟨P ⟩ = 3T (with the medium temperature T = 200 MeV) → Pmed ≈ 2-3 GeV for RHIC

Apparent increase in Pmed = L/λ⟨P⟩ ≈ 4-5 GeV at the LHC  
qualitatively consistent with pQCD arguments!
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Gunther Roland Wayne State August 2012

Fragmentation function comparison
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Note: Only one set of syst. uncertainties shown: Good agreement
Depletion from 3-4GeV to 40-50GeV (2-3% of total jet energy)
Enhancement below 3-4GeV (~ 2% of jet energy)

FF ratio @ high z → 1
Consistent with radiative 
energy loss picture or 
something new?

⎬
pp

AA

EJet(pp)

EJet(AA)

Initial parton energy > EJet(AA)

ΔE

In FF measurements:
EJet(pp)= EJet(AA)
(only small enhancement of  
jet energy at low-z, few %)

But what about the virtuality
of the (leading) parton after
energy loss in the medium?
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A. Majumder and JP, arXiv:1408.3403

Comparing jets in AA with pp with the same (reconstructed) energy
might not be sufficient: not comparing apples-with-apples

Leading parton after escaping the medium expected to have
lower virtuality/jet-mass → will fragment harder wrt pp!

→ Jet Mass measurements at the LHC (and RHIC) necessary …
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(Qualitative) Consistent pQCD-type radiative jet energy loss picture
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Q2
0 >> Q2

1 >> Q2
2 >> · · ·

S2
0 << S2

1 << S2
2 << · · ·

perturbative QCD (pQCD, weak coupling) 

Hadronization 

Strong coupling,  
AdS-CFT (String Theory)?

Energy Thermalization

Jet

(Qualitative) Consistent pQCD-type radiative jet energy loss picture
→ Jets (via their virtuality evolution) probe the QGP over a wide
     range of length scales; Jets are QGP microscopes!
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Jet Mass/Virtuality Measurements in Heavy-Ion Collisions
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MJet =
q
E2

Jet � p2Jet / V irtuality
Talk by A. Majumder yesterday

Experimental access to virtuality
via Jet Mass MJet measurements
→ Adds a new dimension: E and Q2

Allows more differential jet quenching
measurements as function of E and Q2:
For example fragmentation functions,
radial profile, … 
→ Strong constraints on models!
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~ independent of αs
~ independent of jet pT (>30 GeV)
~ same for quark and gluon
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RHIC (Pythia8) ~ independent of αs
~ independent of jet pT (>30 GeV)
~ same for quark and gluon
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Measuring the QCD Splitting Function (“Sub-Jets”)
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RHIC (Pythia8)
RHIC (Pythia8+MC Bkg
No Combinatorial Jets) ~ independent of αs

~ independent of jet pT (>30 GeV)
~ same for quark and gluon

Effect of bkg. fluctuations
in zg suppressed wrt to other 
sub-jet measurement
→ Good variable for HI!
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Biases (pTCut, R, ...) can be used to change systematically the pathlength 
of the recoil jet (even more when also applied on recoil jet definition)
→ Jet-Geometry-Engeneering

Further advantage at RHIC: 
Steeply falling spectrum at RHIC 
→ good correlation initial parton energy

T. Renk, PRC 87 (2013) 024905 and PRC 88 (2013) 054902 11

FIG. 7: Conditional distribution of production vertices in the transverse plane, given a trigger with observed energy Eobs

between 12 and 15 GeV in 0-10% central 200 AGeV Au-Au collisions for hadron triggers (left), a jet definition used by STAR
(middle) and an idealized jet definition (right). In all cases, the trigger object momentum vector defines the −x direction.
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FIG. 8: (Color online) Conditional momentum distribution of
the away side parton given a triggered object in the range of
Eobs between 12 and 15 GeV for various possibilities for the
trigger. Shown for reference is the situation for p-p collisions
(lines) as well as the situation in 0-10% central 200 AGeV
AuAu collisions (symbols).

curves show suppression at high zT whereas there is en-
hancement at low zT (which reflects the generic physics
of a MMFF as determined by comparison with a large
body of data [24] — energy lost from hard shower modes
is recovered in the enhanced production of subleading
hadrons. Quantitatively, there are few differences be-
tween γ-h and ijet-h (which have a markedly different
away side population of quark jets). Jet-h is not sepa-
rable from h-h, in spite of the fact that the underlying
kinematics is somewhat different. There is however a
splitting in the high zT value of IAA between γ-h and
ijet-h on the ond hand and h-h and jet-h on the other
hand which reflects the different geometry bias and/or
kinematcial bias. Note however that the split is not very
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FIG. 9: (Color online) Away side hadron yield modification
as a function of zT = Eh/Eobs for various trigger objects in
0-10% 200 AGeV Au-Au collisions.

large and in practice might me difficult to resolve within
the systematic uncertainties associated with the choice of
a hydrodynamical evolution model for the bulk matter.

There are two possible scenarios which can generate
the observed similarity between γ-h and ijet-h: Either a
generic effect makes the outcome of the computation in-
sensitive to the details of the bias, or there is an acciden-
tial cancellation of biases acting in different directions.

The result shown in Fig. 10 argues that the latter sce-
nario is true — if the parton type bias is changed to the
(unphysical) case that only gluons recoil from a γ trigger,
the stronger interaction of the gluon with the medium is
expected to lead to additional softening of the away side
yield — which is exactly what is observed. Thus, the
observation that γ-h and ijet-h results fall almost on top
of each other is not due to some generic mechanism, but

pTCut>2 GeV

hTrig JTrig JTrigideal

12
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LHC 2.76 ATeV parton spectrum
RHIC 200 AGeV parton spectrum 

Tr 20-40 GeV

FIG. 11: Conditional distribution of away side parton mo-
menta given a triggered jet assuming the kinematical condi-
tions at RHIC vs. LHC.

VII. CONCLUSIONS

On the conceptual side, jet-h correlations offer a num-
ber of advantages. The use of a jet trigger as compared to
a hadron or even γ trigger allows experiments to collect
much higher statistics since the rate of jets into a given
PT range is higher than the rate of hadrons or photons,
and this in turn allows differential studies of the away
side. At least for RHIC kinematics, there is a reasonably
good correlation between jet trigger energy range and the
underlying parton energy range which is probed, however
this is no longer the case at LHC — here presumably γ-h
correlations are needed to constrain parton kinematics.
At the same time, jet triggers appear very versatile

tools which can be engineered to lead to a certain geo-
metrical bias by a suitable choice of the jet constituent
PT cut. In simulations, both an almost unbiased distri-
bution and a distribution biased beyond what is seen for
hadron triggered events could be achieved.
Measuring the correlation of hadrons on the away side

allows to probe the longitudinal and transverse single
particle distributions of jet constituents down to very
low PT and out to large angles, which is a particular
advantage for tracing the medium-induced modification
to jet structure. In this, a correlation measurement is
superior to jet finding on the away side, as jet finding in
an A-A environment is limited in its ability to reach to
large angles and low PT . In principle, in order to access
the medium-modification of intra-jet correlations and to

probe physics like a modified subjet structure or modifi-
cations of angular ordering [37], correlations of a trigger
with two away side particles can be used.
On the physics side, the longitudinal and transverse jet

structure of modified jets as measured by DAA(PT ) and
the angular Gaussian width is well described by YaJEM-
DE except in the very low PT region where the physics
is not dominated by pQCD and the model is expected to
fail. Thus, the observed jet modification is well in line
with the general idea that the medium opens additional
kinematical phase space for radiation, the induced soft
radiation is rapidly decorrelated by subsequent interac-
tions with the medium while a small part of the energy
lost from hard partons directly excites medium degrees
of freedom. The combination of these mechanisms leads
to apparently unmodified but rate-suppressed jets above
a scale of ∼ 3 GeV and a wide-angle, soft plateau-like
structure below this scale.
Of particular interest for determining the precise na-

ture of the interaction of hard partons with the bulk
medium is the origin of the scale Pmed ≈ 3 GeV. It
is certainly consistent with a back-of-the-envelope esti-
mate that the scale is given by the typical accumulated
medium momentum probed during subsequent interac-
tions Pmed = L/λ⟨P ⟩. Choosing a typical length L = 5
fm, a mean-free path λ = 1 fm and for the typical mo-
mentum scale in the medium ⟨P ⟩ = 3T with the medium
temperature T = 200 MeV leads to Pmed ≈ 3 GeV. How-
ever, in this case it would be very interesting to demon-
strate the change of the scale by experimentally vary-
ing temperature (e.g. by comparing RHIC and LHC)
or by varying mean free path. An alternative position is
that Pmed is set by strong coupling physics not accessible
via pQCD arguments. Future reaction plane differential
measurements of jet-h correlations at RHIC and LHC
might be a suitable way to distinguish these scenarios
and to establish in detail what aspects of jet physics are
governed by pQCD and what aspects by strong coupling
QCD.
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

Calculate Aj with constituent pT,cut>2 GeV/c
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Figure 8: Df12 distributions for leading jets of pT,1 > 120 GeV/c with subleading jets of pT,2 >
50 GeV/c for 7 TeV pp collisions (a) and 2.76 TeV PbPb collisions in several centrality bins: (b)
50–100%, (c) 30–50%, (d) 20–30%, (e) 10–20% and (f) 0–10%. Data are shown as black points,
while the histograms show (a) PYTHIA events and (b)-(f) PYTHIA events embedded into PbPb
data. The error bars show the statistical uncertainties.

120 GeV/c and pT,2 > 50 GeV/c. The threshold of 3.026 corresponds to the median of the
Df12 distribution for PYTHIA (without embedding). The results for both the PbPb data and
PYTHIA+DATA dijets are shown as a function of the reaction centrality, given by the number
of participating nucleons, Npart, as described in Section 2.3. This observable is not sensitive
to the shape of the tail at Df12 < 2 seen in Fig. 8, but can be used to measure small changes
in the back-to-back correlation between dijets. A decrease in the fraction of back-to-back jets
in PbPb data is seen compared to the pure PYTHIA simulations. Part of the observed change
in RB(Df) with centrality is explained by the decrease in jet azimuthal angle resolution from
sf = 0.03 in peripheral events to sf = 0.04 in central events, due to the impact of fluctuations
in the PbPb underlying event. This effect is demonstrated by the comparison of PYTHIA and
PYTHIA+DATA results. The difference between the pp and PYTHIA+DATA resolutions was used
for the uncertainty estimate, giving the dominant contribution to the systematic uncertainties,
shown as brackets in Fig. 9.

3.1.3 Dijet momentum balance

To characterize the dijet momentum balance (or imbalance) quantitatively, we use the asym-
metry ratio,

AJ =
pT,1 � pT,2

pT,1 + pT,2
, (1)

Calculate Aj with constituent pT,cut>2 GeV/c

Geom. matching

Geom. matching

Calculate “matched”  
|Aj| with constituent 
pT,cut>0.2 GeV/c.

Rerun jet-finding algorithm

anti-kT on these events ...
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Anti-kT R=0.4, pT,1>20 GeV & pT,2>10 GeV with pTcut>2 GeV/c
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- tracking eff. 6%  
- tower energy 
  scale 2% 
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p-value<10-5  

(stat. error only)

p-value~0.8  
(stat. error only)

Select modified di-jet pairs with pTcut>2 GeV/c in Au+Au
→ Quenched jet energy is recovered at low pT within  
a cone of R=0.4 (also jet broadening in 0.2 − 0.4 observed)
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sPhenix: Made for it ;-)

Ideal Jet Finding
and direct-photon
correlations
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sPhenix: Made for it ;-)
Jet-Hadron correlations
Trigger jet with pT,cut>2 GeV
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sPhenix: Made for it ;-)

Biased Aj measurements

Important Application: We can select a biased di-jet sample in  
which the energy is recovered and we can turn it on/off = control!
Excellent tool to study soft gluon radiation and thermalization!

Caveat: Needs Jet Quenching MC Model for quantitative comparisons! 
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Strong coupling,  
AdS-CFT (String Theory)?

Energy Thermalization

Jet Mass

zg

Jet Geometry
Engineering:
AJ and missing pT||
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Jet Quenching in the QGP - Experimental Observables
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Strong coupling,  
AdS-CFT (String Theory)?

Energy Thermalization

Jet Mass

zg

Jet Geometry
Engineering:
AJ and missing pT||

Can we follow the parton shower further?
zg and Jet Mass of 2nd, 3rd, … split?
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Crucial: Improvements in Theory
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(Full) Jet Measurements are necessary to determine Type 1  
and Type 2 jet quenching transport coefficients 

Next Gen Jet Quenching MC models needed!

We must (shall) work together to ensure success!
TechQM-like working group desirable!  

Talk by A. Majumder yesterday
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A “RHIC Jet Working Group”?

29

Alea Iacta 
Est!

The time is now to work together
(STAR & sPhenix) as a RHIC jet 
community!

Is it possible to establish a RHIC Jet 
Working Group (or whatever other 
appropriate name) in particular 
allowing access to STAR data to 
pursue/test/explore/learn RHIC jet 
measurements for interested
sPhenix collaborators?
(Of course one has to carefully evaluate potential 
manpower issues …)
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10

Hot QCD Matter White Paper, arXiv:1502.02730

Summary

Jet Measurements in sPhenix →  
Answering Fundamental Questions of QCD (Matter)



Backup
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Soft-Drop Algorithm

32
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Jet Structure: Radial Moment

33
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Di-jet Asymmetry/Imbalance as function of leading jet pT

34

3.3 The dependence of dijet momentum imbalance on the pT of the leading jet 9
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Figure 4: Dijet asymmetry ratio, AJ , in bins of leading jet transverse momentum from 120
< pT,1 < 150 GeV/c to pT,1 > 300 GeV/c for subleading jets of pT,2 > 30 GeV/c and Df1,2 > 2p/3
between leading and subleading jets. Results for 0–20% central PbPb events are shown as
points, while the histogram shows the results for PYTHIA dijets embedded into HYDJET PbPb
simulated events. The error bars represent the statistical uncertainties.
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Di-jet Asymmetry/Imbalance as function of leading jet pT
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Di-Jet imbalance decreasing with increasing jet energy!
“Can be explained in terms of essentially known physics, i.e. the increased collimation of jets 
due to kinematics and a transition to a less gluon- dominated regime.” : T.Renk, arXiv:1204.5572 

3.3 The dependence of dijet momentum imbalance on the pT of the leading jet 11

main contributions to the systematic uncertainty in pT,2/pT,1 are the uncertainties in the pT-
dependent residual energy scale and the effects of the underlying event on the jet energy res-
olution. Earlier studies of jet-track correlations [9] have shown that the energy composition of
the quenched jets was not significantly different, which puts a constraint on the energy scale
uncertainty. The uncertainty on the energy scale is derived from three sources: the uncertainty
evaluated in the pp studies [25], the energy scale difference in pp data and MC, and the en-
ergy scale and its parton type dependence [22] in simulations of PbPb events (see Section 2.5).
These contributions are added in quadrature to assign the total uncertainty on the jet energy
scale. Using this value as a boundary, the uncertainty in the pT,2/pT,1 results is then estimated
by varying the jet response at low pT and at high pT independently. The uncertainty on the
underlying event effects is estimated from the full difference between pp and PYTHIA+HYDJET.
These effects add up to 6% in the most central events. For the low leading-jet pT bins, jet recon-
struction efficiency also introduces a minor uncertainty on the order of 1%. Uncertainties due
to additional misreconstructed jets, calorimeter noise, and the track requirement are negligible
compared to the dominating sources of uncertainty. For the centrality bins of 50–100%, 20–50%
and 0–20%, the sources of systematic uncertainty are summarized in Table 2.
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Figure 6: Average dijet momentum ratio pT,2/pT,1 as a function of leading jet pT for three bins
of collision centrality, from peripheral to central collisions, corresponding to selections of 50–
100%, 30–50% and 0–20% of the total inelastic cross section. Results for PbPb data are shown
as points with vertical bars and brackets indicating the statistical and systematic uncertainties,
respectively. Results for PYTHIA+HYDJET are shown as squares. In the 50–100% centrality bin,
results are also compared with pp data, which is shown as the open circles. The difference
between the PbPb measurement and the PYTHIA+HYDJET expectations is shown in the bottom
panels.

As shown in Fig. 6, both the PbPb data and the PYTHIA+HYDJET samples reveal an increasing
trend for the mean value of the jet transverse momentum ratio, as a function of the leading jet
pT,1. This can be understood by the reduction in the effects of jet splitting and energy resolu-
tion as one goes to higher jet momenta. However, the central PbPb data points lie consistently
below the PYTHIA+HYDJET trend. The difference between the pp data and the PYTHIA+HYDJET
reference is of the order of the systematic uncertainty of the measurement, whereas the differ-
ence between PbPb data and the reference is more than twice larger. This difference is related
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Jet Structure in Pb-Pb Collisions cont.

35

12 8 Results
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Figure 4: Differential jet shapes are presented for different centrality bins for pjet
T > 100 GeV

with track pT > 1 GeV/c in PbPb collisions (top panels). The background is subtracted by h

reflection. The bottom panels show the ratio of differential jet shape from different centrality
bins to the most peripheral one (50%-100%). The blue band shows the total systematic while
the error bars indicate the statistical errors.
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Figure 7: Left: R

CP

in the 0–10% centrality bin as a function of jet radius for four bins of jet p

T

. Right: R

CP

as a function
of jet radius for four centrality bins for the p

T

interval 89 < p

T

< 103 GeV. The error bars indicate statistical errors from the
unfolding; the shaded boxes indicate point-to-point systematic errors that are only partially correlated. The solid lines indicate
systematic errors that are fully correlated between all points. The horizontal width of the systematic error band is chosen for
presentation purposes only. Dotted lines indicate R
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9. Results

Figure 5 shows the R

CP

values obtained for
R = 0.2 and R = 0.4 jets as a function of p

T

in
four bins of collision centrality with three di↵erent
error contributions: statistical uncertainties, par-
tially correlated systematic uncertainties, and fully
correlated uncertainties. The R

CP

values for all
centralities and for both jet radii are observed to
have at most a weak variation with p

T

. For the
0–10% centrality bin the R

CP

values for both jet
radii show a factor of about two suppression in the
1/N

coll

-scaled jet yield. For more peripheral colli-
sions, R

CP

increases at all jet p
T

relative to central
collisions, with the R

CP

values reaching 0.9 for the
50–60% centrality bin. A more detailed evaluation
of the centrality dependence of R

CP

for R = 0.4 jets
is presented in Fig. 6, which shows R

CP

vs N
part

for
six jet p

T

bins. R

CP

decreases monotonically with
increasing N

part

for all p
T

bins. The lower p
T

bins,
for which the data are more statistically precise,
show a variation of R

CP

with N

part

that is most
rapid at low N

part

. Trends similar to those shown
in Figs. 5 and 6 are observed for all jet radii.

The dependence of R
CP

on jet radius is shown in
Fig. 7 for the 0–10% centrality bin in four jet p

T

in-
tervals (left) and for di↵erent centrality bins in the
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(see text). The shaded boxes indicate partially correlated
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T

bins.

89 < p

T

< 103 GeV bin (right). For this figure,
the shaded boxes indicate the combined contribu-
tion of systematic uncertainties due to regulariza-
tion, x

ini

, and e�ciency, which are only partially
correlated between points. All other systematic er-

13

Modest jet broadening seen in differential  
jet shape and R dependence of jet RCP 
(especially at lower jet pT)
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Coincidence Measurements: h-Jet

36

No angular de-correlation
(also seen in h-jet @RHIC)

Recoil spectrum suppressed

No significant broadening
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Di-Jet Imbalance AJ Au+Au 0-20% R=0.2 

37

Sys. Uncertainties: 
- tracking eff. 6%  
- tower energy 
  scale 2% 

|AJ|

Preliminary

Ev
en

t F
ra

ct
io

n

Anti-kT R=0.2, pT,1>16 GeV & pT,2>8 GeV with pTcut>2 GeV/c

p-value<10-10  

(stat. error only)
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Di-Jet Imbalance AJ Au+Au 0-20% R=0.2 

37

Sys. Uncertainties: 
- tracking eff. 6%  
- tower energy 
  scale 2% 

Matched Au+Au AJ ≠  p+p AJ for R=0.2
→ (recoil) Jet broadening in 0.2 − 0.4

|AJ|

Preliminary

Ev
en

t F
ra

ct
io

n

Anti-kT R=0.2, pT,1>16 GeV & pT,2>8 GeV with pTcut>2 GeV/c

p-value<10-10  

(stat. error only)

p-value<10-4  

(stat. error only)
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R=0.3 R=0.5

Preliminary
Preliminary
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R=0.3 R=0.5

Calculate spectrum shift
• requires distributions ~ exponential, ratio ~ flat

Spectrum Shift Periph/pp ➔Central
pch

T,jet range 
[GeV]

Shift R=0.3 [GeV] Shift R=0.5 
[GeV]

Au+Au @ 200 GeV [10,20] -6.3 ± 0.6 ± 0.8 -3.8 ± 0.5 ± 1.8

Pb+Pb @ 2.76 TeV 
ALICE arXiv:1506.03984

[60,100] -8 ± 2

Preliminary
Preliminary



Semi-inclusive h+Jet in Au+Au collisionsQM15 38

R=0.3 R=0.5

Calculate spectrum shift
• requires distributions ~ exponential, ratio ~ flat

Spectrum Shift Periph/pp ➔Central
pch

T,jet range 
[GeV]

Shift R=0.3 [GeV] Shift R=0.5 
[GeV]

Au+Au @ 200 GeV [10,20] -6.3 ± 0.6 ± 0.8 -3.8 ± 0.5 ± 1.8

Pb+Pb @ 2.76 TeV 
ALICE arXiv:1506.03984

[60,100] -8 ± 2

Preliminary
Preliminary

RHIC: smaller shift for larger R 

R=0.5: smaller shift at RHIC than LHC 

Out-of-cone energy transport ? 
• comparison requires similar trigger bias ➔ 

theory calculation


